Activation of systemic acquired resistance in plants is associated with transcriptome 34 reprogramming induced by the unstable coactivator NPR1. ubiquitination and proteasomal degradation of NPR1 are thought to facilitate 36 continuous delivery of active NPR1 to target promoters, thereby maximising gene 37 expression. Because of this potentially costly sacrificial process, we investigated if 38 ubiquitination of NPR1 plays transcriptional roles prior to its proteasomal turnover. 39
Immune responses must be tightly controlled to provide appropriate, efficient 52 and timely resistance to pathogenic threats. A major hallmark of eukaryotic immune 53 responses is dramatic reprogramming of the transcriptome to prioritise defences over 54 other cellular functions. In plants transcriptional reprogramming is largely orchestrated 55 by the immune hormone salicylic acid (SA) that accumulates upon recognition of 56 biotrophic pathogens. SA not only induces resistance in infected local tissues, it is also 57 required for establishment of systemic acquired resistance (SAR), a form of induced 58 resistance with broad-spectrum effectiveness that is long-lasting and protects the 59 entire plant from future pathogen attack (Spoel and Dong, 2012) . Establishment of 60 SAR and associated transcriptome reprogramming are mediated by the transcriptional 61 coactivator NPR1 (nonexpressor of pathogenesis-related (PR) genes 1). The majority 62 of SA-induced genes are NPR1 dependent, indicating NPR1 is a master regulator of 63 plant immunity (Wang et al., 2006) . Consequently, loss of NPR1 function results in 64 severely immune-compromised plants unable to activate SAR. 65
Since NPR1 exerts its activity in the nucleus (Kinkema et al., 2000) , controlling 66 its nuclear entry provides a means to prevent spurious activation of immune 67 responses. Indeed, in resting cells NPR1 is sequestered in the cytoplasm as a large 68 redox-sensitive oligomer that is formed by intermolecular disulphide linkages between 69 conserved cysteine residues (Mou et al., 2003) . NPR1 monomers that escape 70 oligomerization and enter the nucleus are ubiquitinated by a Cullin-RING Ligase 3 71 (CRL3), a modular E3 ubiquitin ligase, resulting in their degradation by the 26S 72 proteasome (Spoel et al., 2009 ). Importantly, constitutive clearance of NPR1 from 73 nuclei of resting cells by concerted action of CRL3 and the proteasome is necessary 74 to prevent untimely activation of its target genes and associated autoimmunity. 75
RESULTS 118
The E4 ligase UBE4 regulates SA-and NPR1-mediated plant immunity 119
To examine if processive ubiquitination of NPR1 plays a role in plant immune 120 responses we examined a potential role for E4 ligases. Unlike E3 ligases, the E4 class 121 do not contribute towards initial ubiquitination of substrates but rather extend pre-122 existing ubiquitin chains (Hoppe, 2005; Koegl et al., 1999) . In Arabidopsis the E4 ligase 123 UBE4/MUSE3 has been implicated in immune signalling (Huang et al., 2014) . We 124 investigated if UBE4 is involved in NPR1-dependent immune signalling by acquiring a 125 loss-of-function T-DNA insertion mutant ( Figure S1A ). Like mutants in CRL3 ligase that 126 fails to degrade NPR1 (Spoel et al., 2009 ), adult ube4 plants displayed enhanced 127 expression of immune genes in absence of pathogen challenge ( Figure 1A) . In 128 agreement, adult ube4 mutants showed autoimmunity against a high inoculum of Psm 129 ES4326 ( Figure 1B ). To establish if these phenotypes were dependent on SA 130 signalling, ube4 mutant plants were crossed with SA-deficient ics1 mutants 131 (Wildermuth et al., 2001) . The constitutive immune gene expression observed in ube4 132 was abolished in ube4 ics1 double mutant plants ( Figure 1C ). Furthermore, while wild-133 type (WT) and mutant ube4 plants were completely immune to a low inoculum dosage 134 of Psm ES4326, mutant ics1 plants sustained bacterial proliferation. In agreement with 135 the gene expression data, enhanced susceptibility was maintained in ube4 ics1 double 136 mutants ( Figure 1D ), indicating the autoimmune phenotype of adult ube4 plants is 137 completely dependent on SA. Because SA-dependent immunity is largely regulated by 138 the transcription coactivator NPR1 (Cao et al., 1997), we crossed ube4 with npr1-1 139 mutant plants. Constitutive immune gene expression in ube4 plants was completely 140 abolished in ube4 npr1 plants ( Figure 1E ) and this double mutant was equally 141 susceptible to a low Psm ES4326 inoculum as npr1 single mutants ( Figure 1F ). 142
Collectively, these data indicate that in unchallenged plants UBE4 suppresses the 143 expression of SA-mediated NPR1 target genes and prevents autoimmunity. 144 145 UBE4 polyubiquitinates NPR1 coactivator and targets it for degradation 146
Because ube4 mutant phenotypes resemble those of mutants in CRL3 ligase (Spoel 147 et al., 2009 ), we investigated if UBE4 also controls NPR1 stability in the nucleus. 148
Expression of an YFP-UBE4 fusion protein in Arabidopsis protoplasts confirmed it is 149 indeed partly localised to the nucleus ( Figure S1B ). We used the protein synthesis 150 inhibitor cycloheximide to examine if UBE4 controls the stability of SA-induced NPR1. 151
Both SA-induced constitutively expressed NPR1-GFP (in npr1-1) (Kinkema et al., 152 2000) and endogenous NPR1 from WT plants were degraded within a few hours after 153 exposure to cycloheximide (Figure 2A and 2B). By contrast, both proteins were 154 considerably more stable in the ube4 mutant genetic background, indicating UBE4 155 promotes NPR1 degradation. Recruitment of NPR1 to CRL3 for ubiquitination and 156 subsequent degradation requires phosphorylation at residues Ser11 and Ser15 (Spoel 157 et al., 2009 ). Therefore we examined if ube4 mutants were impaired in NPR1 Ser11/15 158 phosphorylation. However, Ser11/15 phosphorylation of NPR1-GFP was unaffected 159 by the ube4 mutation ( Figure 2C ), indicating UBE4 mediates NPR1 turnover 160 downstream of CRL3-mediated ubiquitination. 161
We then investigated if UBE4 is involved in polyubiquitination of NPR1. 162
Pulldown of polyubiquitinated proteins using tandem-repeated ubiquitin-binding 163 entities (TUBE) (Hjerpe et al., 2009) followed by detection of NPR1-GFP, revealed that 164 SA stimulated polyubiquitination of NPR1-GFP ( Figure 2D ). By contrast, SA-induced 165 polyubiquitination of NPR1-GFP was compromised in ube4 mutants ( Figure 2D ), but 166 ubiquitinated NPR1 was still detected at high-molecular weight. Therefore we sought 167 to distinguish if in ube4 mutants, NPR1 was modified by long ubiquitin chains or 168 multiple shorter chains, both of which yield high-molecular weights on SDS-PAGE. 169
Thus, we performed pull down experiments with recombinant S5a ubiquitin interacting 170 motifs (S5aUIM) that preferentially bind chains of four or more ubiquitin molecules 171 (Deveraux et al., 1994; Young et al., 1998) . Compared to plants carrying wild-type 172 UBE4 alleles, the amount of SA-induced polyubiquitinated NPR1-GFP pulled down 173 with recombinant S5aUIM was strikingly lower in ube4 mutants ( Figure 2E ), indicating 174 that UBE4 promotes formation of long ubiquitin chains on NPR1 leading to its 175 proteasomal degradation. 176 177
Processive ubiquitination controls transcriptional activity of NPR1 178
Because UBE4 enhanced polyubiquitination of NPR1 and controlled its stability ( Figure  179 2), we investigated if similar to CRL3 (Spoel et al., 2009) , it also promotes 180 transcriptional activity of NPR1. In stark contrast to cul3a cul3b mutants that were 181 compromised in SA-induced expression of NPR1 target genes, ube4 mutants exhibited 182 elevated expression levels that were much higher than in WT ( Figure 3A , 3B). To 183 explore the effect of UBE4 on the NPR1-dependent transcriptome, we performed RNA 184 Seq on SA-treated WT, ube4 and npr1 plants. Among 2612 genes whose expression 185 changed by ≥ 2-fold in response to SA in WT or ube4 mutants, 75% were stringently 186 dependent on NPR1 (i.e. ≥ 1.5-fold difference compared to npr1) (Table S1 ). We 187 separated these genes into two categories: (1) genes that were regulated by SA in 188 both WT and mutant ube4 plants, and (2) genes that did not make the ≥ 2-fold change 189 cut-off in WT but were highly regulated by SA in ube4 mutants. The majority of induced genes in category 1, including PR1 and WRKY marker genes, received a 191 boost in expression when UBE4 was knocked out ( Figure 3C ). This positive effect was 192 even clearer for category 2 genes ( Figure 3C , 3D). Similarly, genes suppressed by SA 193 treatment displayed further downregulation in ube4 mutants compared to WT (Figure 194 3C). By contrast, SA-regulated genes that were not dependent on NPR1 behaved 195 similarly in WT and mutant ube4 plants ( Figure S2A ), suggesting UBE4 exerts its 196 effects predominantly through NPR1. Together these data suggest that in absence of 197 UBE4-mediated long-chain polyubiquitination, NPR1 remains in a highly active 198 transcriptional state. 199
To understand the opposing effects of CRL3 and UBE4 on transcriptional 200 activity of NPR1, we examined endogenous NPR1 protein levels. Compared to WT 201 plants, SA-induced NPR1 accumulated to elevated levels in both cul3a/b and ube4 202 mutants ( Figure 3E ). Thus, NPR1 protein levels cannot explain differences in 203 transcriptional output of NPR1. We then examined if changes in polyubiquitin chain 204 length regulate NPR1 association with its target promoters. To that end we performed 205 chromatin immunoprecipitation experiments on plants that constitutively expressed 206 NPR1-GFP, thereby eliminating genotype-dependent differences in NPR1 protein 207 level. Coinciding with elevated PR1 gene expression, at 8h after SA treatment more 208 NPR1-GFP was bound to the PR1 promoter in ube4 mutants compared to plants 209 carrying wild-type UBE4 alleles ( Figure 3F ). This indicates that in absence of long 210 polyubiquitin chains, early occupancy by transcriptionally competent NPR1 is 211 increased at target promoters. We also examined a later time point after SA treatment 212 (24h) and found that NPR1-GFP was still associated with the PR1 promoter in plants 213 expressing wild-type UBE4, but not in ube4 mutants ( Figure 3G ). Nonetheless, PR1 214 gene expression remained at elevated levels in these mutants ( Figure 3G ), implying 215 that in absence of long-chain polyubiquitination NPR1 strongly switches on target 216 genes without the need for long-term residency at their promoters. 217
To investigate if CRL3 and UBE4 act independently or in tandem, we crossed 218 ube4 single with cul3a cul3b double mutants and analysed the expression of NPR1 219 target genes in the resulting triple mutant. Strikingly, cul3a cul3b ube4 mutants showed 220 severe developmental defects, including stunted growth and complete sterility ( Figure  221 S2B, S2C). Very few viable homozygous plants were recovered, perhaps suggesting 222 these two ligases work together and share substrates. Nonetheless we were able to 223 select just enough plants to examine the behaviour of NPR1 target genes. In cul3a 224 cul3b ube4 mutants the SA-induced expression of several genes, including PR genes, 225 was impaired to a similar extend as in cul3a cul3b double mutants, indicating that 226 elevated gene expression observed in ube4 plants is dependent on CRL3 ( Figure 3H , 227 3I). However, a subset of NPR1 target genes (i.e. WRKY18, WRKY38, WRKY62) were 228 dramatically upregulated in cul3a cul3b ube4 mutants to a level higher than in any of 229 the other genotypes. This suggests that in absence of CRL3 and UBE4, these genes 230 were activated through another pathway or were highly responsive to elevated 231 homeostatic levels of NPR1 protein and may therefore not be suitable readouts for this 232 particular epistatic analysis ( Figure 3I ). Regardless of this specific, our broader findings 233 suggest that CRL3 and UBE4 function sequentially in the processive addition or 234 extension of ubiquitin chains on NPR1 but with opposing effects on its transcriptional 235
activity. 236
We then examined if in ube4 mutants NPR1 was trapped in a highly 237 transcriptional active state that does not require proteasome-mediated turnover. To 238 negate any feedback effects of loss of UBE4 activity on endogenous NPR1 expression, 239 seedlings constitutively expressing NPR1-GFP were treated with SA plus a range of 240 MG132 concentrations. SA-induced PR1 and WRKY gene expression was inhibited 241 by increasing concentrations of MG132 in NPR1-GFP (in npr1) plants ( Figure 3J and 242 S2D). By contrast, the SA-induced expression of these NPR1 target genes was largely 243 unresponsive to MG132 in ube4 mutants, especially at lower concentrations. Thus, 244 loss of UBE4 largely uncoupled NPR1 target gene expression from proteasome 245 activity, demonstrating the importance of processive ubiquitination for NPR1 activity. 246
In summary, our findings indicate that initial CRL3-mediated ubiquitination is required 247 for NPR1 to attain its full transcriptional activity, while processive long ubiquitin chain 248 formation mediated by UBE4 inactivates NPR1 and promotes its degradation by the 249 proteasome. Figure 4A ), suggesting that DUB activity is required for their optimal expression. 262 Furthermore, while treatment with PR-619 or NSC632839 did not affect SA-induced 263 transcription of the NPR1 gene, it depleted NPR1 protein levels ( Figure 4B ). Thus, 264 DUB activity may not only be required for NPR1-dependent gene expression but also 265 for increasing NPR1 stability. 266
Next we tested more selective inhibitors that more specifically target one or a 267 few DUBs. First we treated WT seedlings with various DUB inhibitors and compared 268 the cellular levels of global ubiquitin conjugates with control-, and MG132-treated 269 seedlings. While NSC632839 and MG132 treatments dramatically enhanced 270 accumulation of ubiquitin conjugates, especially in combination with SA treatment, all 271 other inhibitors had little effect on cellular ubiquitination levels ( Figure 4C ). We then 272 examined the effect of these DUB inhibitors on SA-induced gene expression. All 273 inhibitors strongly suppressed SA-induced expression of NPR1 target genes ( Figure  274 4D). Furthermore, most inhibitors were effective at low micromolar concentrations and 275 suppressed NPR1 target genes in a dose-dependent manner ( Figure S3 ). Collectively 276 these data provide a first indication that DUB activity may be crucial for NPR1 stability 277 and efficient activation of SA-induced NPR1 target genes. 278
279

Identification of DUBs that regulate NPR1-dependent transcription 280
The more selective inhibitors used in experiments described above have been shown 281 to target DUBs in mammalian cells ( Figure S4A insertions were identified for either UCH1 or UCH2 in mutant collections of the Col-0 289 genetic background. Therefore we did not pursue these DUBs further. The DUB 290 inhibitor TCID is thought to target mammalian UCH-L3 for which we identified a single 291 Arabidopsis homologue, UCH3. We acquired a T-DNA insertion line that displayed 292 complete knockout of UCH3 expression ( Figure S4B ) and analysed SA-induced NPR1 293 target gene expression. Figure 5A shows that SA-induced PR1 and WRKY gene 294 expression was comparable between uch3 and WT plants, indicating UCH3 is unlikely 295 to play a major role. Next we identified UBP12 and UBP13 as potential plant targets of 296 both WP1130 and P22077 inhibitors ( Figure S4A ). Previous research has suggested 297 a role for these two proteins in plant immunity, as ubp12 ubp13 double knockdown 298 but other NPR1 target genes were activated to a similar extent as in WT ( Figure 5B ). 306
This phenotype does not explain the suppressive effects we observed with 307 pharmacological DUB inhibitors. Finally, we acquired T-DNA knockout lines for the 308 mammalian USP14 homologues, UBP6 and UPB7 that are potentially targeted by the 309 WP1130 inhibitor ( Figure S4A, S4C ). SA-induced expression of PR1 was slightly lower 310 in these mutants but WRKY gene expression was largely comparable to WT plants 311 ( Figure 5C ). Since UBP6 and UBP7 are close homologues ( Figure S5A , S5B), we 312 generated ubp6 ubp7 double knockout mutants ( Figure S4C ) that were viable and 313 showed no observable developmental phenotypes. However, ubp6 ubp7 mutants were 314 impaired in activation of SA-induced gene expression ( Figure 5D ). This indicates that 315 UBP6 and UBP7 are functionally redundant and required for NPR1 target gene 316 expression. 317 318 UBP6 is a proteasome-associated DUB that deubiquitinates NPR1 319 Human USP14 and its yeast homologue Ubp6 have both been shown to associate with 320 the 26S proteasome, which is necessary for their activity ( So what is the effect of UBP6-and UBP7-mediated deubiquitination on NPR1 function? 355
We found that treatment of NPR1-GFP (in npr1) seedlings with WP1130 inhibitor 356 increased the levels of SA-induced polyubiquitinated NPR1-GFP while reducing the 357 total amount of this protein ( Figure 6D ). This suggests that UBP6 and UBP7 activities 358 are required for deubiquitination of SA-induced NPR1-GFP, thereby rescuing it from 359 degradation. To further examine this possibility, we analysed the stability of 360 endogenous NPR1 protein in SA-treated ubp6 ubp7 double mutants. CHX chase 361 experiments revealed that compared to WT plants, NPR1 was destabilised in ubp6 362 ubp7 mutants ( Figure 6E ). These results demonstrate that UBP6 and UBP7 serve to 363 stabilise NPR1 by removing ubiquitin chains that signal for its proteasome-mediated 364 degradation. 365
Given the importance of processive ubiquitination for the transcriptional activity 366 of NPR1, we explored how UBP6-and UBP7-mediated deubiquitination might affect 367 NPR1 coactivator function. Because UBP6 and UBP7 were required for NPR1-368 dependent PR1 gene expression ( Figure 5D ), we questioned if NPR1 was still 369 associated with the PR1 promoter in absence of UBP6 and UBP7 activities. While ubp6 ubp7 mutants were compromised in SA-induced activation of all NPR1 383 target genes tested, expression of FLAG-UBP6 fully restored SA-responsiveness 384 ( Figure 6G ). By contrast, FLAG-UBP6m restored SA-induced expression of only a 385 subset, but not all NPR1 target genes. A distinction was observed between WRKY and 386 PR genes, with the former requiring catalytic DUB activity of UBP6 while the latter did 387 not ( Figure 6G ). These data indicate that catalytic and non-catalytic activities of UBP6 388 regulate distinct NPR1-dependent gene sets. 389
Finally we examined what the relevance is of UBP6-and UBP7-regulated 390 transcriptional activity of NPR1 in context of plant immunity. We first treated plants with 391 or without SA before challenge inoculation with virulent Psm ES4326. SA treatment 392 induced resistance in WT plants but did not block bacterial propagation in ubp6/7 393 plants ( Figure 6H ). Collectively, these data clearly demonstrate that UBP6 and UBP7 394 are required for NPR1 coactivator activity and associated development of SA-395 dependent immunity. 396
DISCUSSION 397
The ubiquitin- We discovered that ubiquitination of NPR1 is processive, requiring the actions 411 of CRL3 and the E4 ligase UBE4. In resting cells, CRL3-mediated turnover of NPR1 is 412 important for preventing autoimmunity in absence of pathogen threat (Spoel et al., 413 2009 ). The NPR1-dependent autoimmune phenotype of ube4 mutants is reminiscent 414 of that observed in cul3a cul3b mutants (Figure 1 their en bloc ubiquitin removal activity suggests they more likely remove longer 485 ubiquitin chains generated by UBE4 (Figure 7) . 486
In summary, we report that disparate ubiquitin modifying enzymes play 487 important roles in establishment of plant immune responses. We demonstrate that the 488 opposing actions of an E3 and E4 ligase pair and two DUBs can fine-tune 489 transcriptional outputs of the unstable immune coactivator NPR1 without strict 490 requirement for its sacrificial turnover. Dynamicity in conjugated ubiquitin chain length 491 may be a powerful mechanism for controlling the activity of unstable eukaryotic 492 treated with 0.5 mM SA for 24h before addition of 100 μM CHX to inhibit protein 706 synthesis. NPR1-GFP protein levels were monitored by immunoblot analysis, while 707
S5a levels confirmed equal loading. 708 (B) Seedlings were treated with 0.5 mM SA for 24h before addition of 100 μM CHX. 709
Endogenous NPR1 protein levels were then monitored at the indicated times by 710 immunoblot analysis, while GAPDH levels confirmed equal loading. 711 (C) Seedlings expressing 35S::NPR1-GFP in the indicated genetic backgrounds were 712
pre-treated with 0.5 mM SA for 2h followed by addition of vehicle (DMSO) or 100 μM 713 MG132 for an additional 4h. Phosphorylated Ser11/15 (pS11/15) and total NPR1-GFP 714 levels were then determined by immunoblotting. 715 (D) Seedlings expressing 35S::NPR1-GFP in the indicated genetic backgrounds were 716 pre-treated with 0.5 mM SA for 6h followed by addition of 100 μM MG132 for an 717 additional 18h before ubiquitinated proteins were pulled down using GST-TUBEs. 718
Input and ubiquitinated NPR1-GFP (NPR1-Ubn) were detected by immunoblotting with 719 a GFP antibody. 720 (E) Seedlings expressing 35S::NPR1-GFP in the indicated genetic backgrounds were 721 pre-treated with 0.5 mM SA for 2h followed by addition of 100 μM MG132 for an 722 additional 4h before ubiquitinated proteins were pulled down (PD) using His6-V5-S5a-723
UIMs. Total and long-chain polyubiquitinated NPR1-GFP (NPR1-Ubn>4) were detected 724 by immunoblotting with GFP antibodies. 725
See also Figure S1 . 726 727 728 Figure 3 . Processive ubiquitination controls transcriptional activity of NPR1 729 (A) WT, cul3a cul3b (cul3), ube4 and npr1 seedlings were treated with 0.5 mM SA for 730 6h before determining PR1 gene expression normalised relative to constitutively 731 expressed UBQ5. Data points represent mean ± SD (n=3). 732 (B) Heat map of the expression of additional NPR1 target genes analysed as in (A). 733
(C) Seedlings treated with water (Ctrl) or 0.5 mM SA for 12h were analysed by RNA-734
Seq. Only genes that were induced ≥2-fold by SA in WT and/or ube4 plants and 735 showed ≥1.5-fold difference in expression in npr1 mutants are shown (Benjamini 736
Hochberg FDR, 2-way ANOVA p ≤ 0.05). Graphs indicate genes that are up or down 737 regulated in both WT and ube4 or only in ube4. PR-1, WRKY18, WRKY38 and 738 WRKY62 marker genes are indicated by green lines, whereas mean expression 739 patterns are indicated by black lines. 740 (D) Heat map representation of genes from (C) that were upregulated by SA. 741 (E) WT, cul3a cul3b (cul3), ube4 and npr1 seedlings were treated with water (-) or 0.5 742 mM SA (+) for 6h. Endogenous NPR1 protein levels were monitored by immunoblot 743 analysis, while GAPDH levels confirmed equal loading. 26S proteasomes before labelling with HA-UbVS. Immunoblotting with HA antibodies 800 detected active, labelled UBP6 while immunoblotting with T7 antibodies detected total 801 levels of UBP6. 802 (C) 35S::NPR1-GFP seedlings were treated for 6h with 0.5 mM SA followed by addition 803 of 100 μM MG132 for a further 18h. Polyubiquitinated NPR1-GFP protein was then 804 purified with GFP-Trap agarose and incubated for the indicated times with recombinant 805 UBP6 in presence or absence of 26S proteasomes. Remaining polyubiquitinated 806 NPR1-GFP and released ubiquitin species were detected by immunoblotting using an 807 antibody against ubiquitin (P4D1), while unmodified NPR1-GFP was detected with an 808
anti-GFP antibody. 809 (D) 35S::NPR1-GFP seedlings were treated for 2h with 0.5 mM SA followed by addition 810 of 50 μM WP1130 or DMSO vehicle for a further 4h. Ubiquitinated proteins were pulled 811 down using GST-TUBEs. Input and ubiquitinated NPR1-GFP (NPR1-Ubn) were 812 detected by immunoblotting with a GFP antibody. 813
(E) Seedlings were treated with SA for 24h to induce NPR1 before addition of 100 μM 814 CHX. Endogenous NPR1 protein levels were monitored by immunoblotting and 815 GAPDH levels confirmed equal loading. 816 (F) 35S::NPR1-GFP seedlings were treated for 2h with 0.5 mM SA followed by addition 817 of 50 μM WP1130 or DMSO vehicle for a further 4h. NPR1-GFP binding to the as-1 818 motif of the PR1 promoter element was quantified by ChIP with npr1 seedlings serving 819 as a negative control. Data points represent mean ± SD (n=3). 820
(G) Plants of the stated genotypes were treated with 0.5 mM SA for 24h before the 821 expression of NPR1 target genes was analysed by qPCR. Data points represent mean 822 ± SD (n=3). 823
(H) Plants were treated with or without 0.5 mM SA 24h prior to inoculation with 5x10 6 824 colony forming units (cfu)/ml Psm ES4326. Leaf discs were analysed for bacterial 825 growth at 3 dpi. Error bars represent 95% confidence limits, while letters denote 826 statistically significant differences between samples (Tukey Kramer ANOVA; α = 0.05, 827 n = 8). 828
See also Figure S5 progression to long-chain polyubiquitination mediated by UBE4 promotes the 837 proteasome-mediated degradation of NPR1 and inactivates target gene expression. 838 UBP6/7 activity at the proteasome serves to limit the degradation of NPR1, thereby 839 promoting its active state. 840
MATERIALS AND METHODS 841
Plant maintenance, transformation, chemical treatments and pathogen infection 842
All Arabidopsis plants used in this study were in the Columbia genetic 843 background, with WT referring to wild-type Col-0 throughout. Plants were grown under 844 long day conditions (16 hour photoperiod) on soil in controlled-environment growth 845 chambers at 65% humidity and 22°C unless otherwise stated. Seeds were stratified at 846 4-8°C in darkness for 2 days before moving to growth chambers. Plants were grown 847 in a soil mix composed of peat moss, vermiculite and sand at a ratio of 4:1:1 848 respectively, and illumination was provided by fluorescent tube lighting at an intensity 849 of 70-100 μmol m -2 sec -1 . For experiments on seedlings, seeds were sterilized by 850 washing in 100% ethanol for 2 mins before incubating in 50% household bleach for 20 851 mins. After removal of bleach, seeds were washed at least 3 times with sterile H2O 852 before use. Sterilized seeds were spotted on Murashige and Skoog agar media and 853 stratified before placing under lighting conditions as above. All T-DNA insertion 854 mutants used were genotyped by PCR using standard conditions with gene specific 855 primers in combination with left-border primers specific to each mutant collection 856 (Table S2) . 857
The coding sequences of the UBE4 (At5g15400) and UBP6 (At1g51710) genes 858 were amplified using Phusion polymerase (NEB) from WT Arabidopsis cDNA with the 859 addition of CACC at the 5' end required for TOPO cloning. The PCR products were 860 gel-purified and cloned in to the pENTR/D-TOPO vector (Invitrogen) according to 861 Psm ES4326 was grown in LB media supplemented with 10 mM MgCl2 and 50 881 μg/ml streptomycin. Cultures were grown overnight then centrifuged at 4,000 rpm for 882 10 mins. Cells were resuspended in 10 mM MgCl2 and absorbance was measured at 883 600nm before necessary dilutions were made to adjust concentrations to those 884 indicated in figure legends. Plants were infected by pressure infiltration with a syringe 885 through the abaxial leaf surface. For measurement of bacterial growth, a single leaf 886 disc per plant was cut from infected leaves at the stated dpi and ground in 10 mM 887
MgCl2. Serial dilutions were plated on LB supplemented with 10 mM MgCl2 and 50 888 μg/ml streptomycin and colonies were counted after 2 days incubation at 30°C. 889
RNA extraction, cDNA synthesis and qPCR 891
Leaf tissue or whole seedlings were frozen and ground to a fine powder in liquid 892 nitrogen. Samples were homogenised in RNA extraction buffer (100 mM LiCl, 100 mM 893 Tris pH 8, 10 mM EDTA, 1% SDS) before addition of an equal volume of 894 phenol/chloroform/isoamylalcohol (25:24:1). The homogenate was vortexed and 895 centrifuged at 13,000 rpm for 5 min. The aqueous phase was transferred to an equal 896 volume of 24:1 chloroform/isoamylalcohol, vortexed and then centrifuged at 13,000 897 rpm for 5 min. This step was repeated once before the aqueous layer was added to a 898 1/3 volume of 8 M LiCl and incubated overnight at 4°C. The extract was then 899 centrifuged at 13,000 rpm for 5 min at 4°C. The resulting pellet was washed with ice 900 cold 70% ethanol then rehydrated and dissolved in 400 μl H2O for 30 min on ice. 901
Finally, 40 μl of NaAc (pH 5.3) and 1 ml of ice cold 96% ethanol was added before 902 incubating for 1 h at -20°C. The precipitate was then centrifuged at 13,000 rpm for 5 903 min at 4°C, the pellet was washed with ice cold 70% ethanol and resuspended in 50 904 μl of H2O. Before cDNA synthesis, RNA samples were quantified using a NanoDrop 905 spectrophotometer (Thermo Scientific) and appropriate dilutions were made to 906 ensure all samples contained equal amounts of RNA. Reverse transcription was then 907 performed using SuperScript II reverse transcriptase (Invitrogen) according to the 908 manufacturers' instructions. qPCR was carried out on 20-fold diluted cDNA using 909
Power SYBR Green (Life Technologies) and gene-specific primers (Table S2) Benjamini Hochberg FDR with 2-way ANOVA (p = 0.05). Additionally, we required SA-926 induced genes to meet a ≥ 2-fold change cut-off, whereas NPR1-dependent genes 927 required ≥ 1.5-fold change in Col-0 or ube4 plants when compared to npr1 mutants. 928 929
Chromatin immunoprecipitation 930
Chromatin immunoprecipitation was performed on leaf tissue of 4 week-old soil-931 grown adult plants essentially as described (Yamaguchi et al., 2014) but with minor 932 modifications. 500 mg tissue was crosslinked with 1% formaldehyde by vacuum 933 infiltration for 30 mins at room temperature. Glycine was added to a final concentration 934 of 100 mM to quench crosslinking and vacuum infiltrated for a further 10 mins. 935
Crosslinked tissue was washed twice with ice-cold PBS before all liquid was removed 936 and tissue was frozen in liquid nitrogen. Nuclei were isolated and lysed as described 937 (Yamaguchi et al., 2014) while sonication was performed using a BioRuptor Plus 938 (Diagenode). Sonication consisted of 15 cyles of 30s ON, 30s OFF at high power. 939 NPR1-GFP was immunoprecipitated using ChIP grade anti-GFP (Abcam) before 940 capture of immune complexes with Protein A agarose (Millipore). Crosslink reversal 941 and protein removal was performed as described previously (Nelson et al., 2006) , by 942 boiling in the presence of Chelex 100 resin (BioRad) before incubation at 55°C with 943 Proteinase K. Finally, DNA was cleaned up using PCR purification columns (Qiagen) 944 and analysed by qPCR using primers listed in Table S2 . 945 946
Protein analysis 947
For protein degradation assays and analysis of NPR1 levels, seedlings were 948 frozen and ground to a fine powder in liquid nitrogen before homogenising in protein 949 extraction buffer (PEB) (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.1% 950 Triton X-100, 0.2% Nonidet P-40, and inhibitors: 50 μg/ml TPCK, 50 μg/ml TLCK, 0.6 951 mM PMSF) (Spoel et al., 2009 ). For analyses of NPR1 phosphorylation PEB buffer 952 was supplemented with 1X phosphatase inhibitor cocktail 3 (Sigma). Samples were 953 centrifuged at 13,000 rpm for 15 min at 4°C to clarify extracts, and the resulting 954 supernatant was used for SDS-PAGE and immunoblot analysis. All antibodies used 955 are listed in the Table S3 . 956
For analysis of polyubiquitination with TUBEs, seedlings were ground to a fine 957 powder in liquid nitrogen and homogenized in 1x PBS supplemented with 1% Triton X-958 100, 10 mM NEM, 40 µM MG132, 50 μg/ml TPCK, 50 μg/ml TLCK, 0.6 mM PMSF, 959 and 0.2 mg/ml GST-TUBE (Hjerpe et al., 2009). Homogenates were centrifuged at 960 13,000 rpm at 4°C for 20 mins to remove cellular debris and filtered through 0.22 µm 961 filters before overnight incubation with Protino Glutathione Agarose 4B (Machery 962 Nagel), at 4°C with rotation. The agarose beads were washed 5 times with 1X PBS + 963 1% Triton X-100 before elution by boiling in 1X SDS-PAGE sample buffer including 50 964 mM DTT. NPR1-GFP was detected by immunoblotting with anti-GFP (Roche). 965
For analysis of long chain polyubiquitination, seedlings were ground to a fine 966 powder in liquid nitrogen and homogenised in 1X PBS, supplemented with 1% Triton 967 X-100, 10 mM NEM, 80 μM MG115, 50 μg/ml TPCK, 50 μg/ml TLCK, 0.6 mM PMSF, 968 1X phosphatase inhibitor cocktail 3 (Sigma). Homogenates were centrifuged at 13,000 969 rpm at 4°C for 20 mins to remove cellular debris and filtered through 0.22 µm filters 970 before overnight incubation with 300 μg His6-V5-S5aUIM protein immobilised on 971 agarose. Agarose beads were washed 5 times with extraction buffer before elution at 972 80°C for 15 mins in 1X SDS-PAGE sample buffer including 50 mM DTT. NPR1-GFP 973 was detected by immunoblotting with anti-GFP (Roche). 974
For proteasome co-immunoprecipitation with FLAG-UBP6, seedlings were 975 frozen and ground to a fine powder in liquid nitrogen before homogenising in 976 proteasome extraction buffer (50 mM Tris-HCl (pH 7.4), 25 mM NaCl, 2 mM MgCl2, 1 977 mM EDTA, 10 mM ATP, 5% glycerol, and inhibitors: 50 μg/ml TPCK, 50 μg/ml TLCK, 978 0.6 mM PMSF). Extracts were centrifuged at 13,000 rpm at 4°C for 20 mins to remove 979 cellular debris and filtered through 0.22 µm filters. Anti-FLAG M2 affinity gel was 980 washed with the above buffer before incubating with samples overnight with rotation 981 at 4°C. The resin was washed 3 times with the same buffer before immunoprecipitated 982 proteins were eluted by boiling in 1X SDS-PAGE sample buffer including 50 mM DTT. 983 FLAG-UBP6 was detected using rabbit anti-FLAG antibodies while co-984 immunoprecipitating proteins were detected with indicated antibodies. 985 986 Recombinant protein and NPR1 antibody production 987 N-terminal GST-tagged TUBE was generated by cloning the coding sequence 988 of hHR23A into pGEX-6P-1 using EcoRI and SalI restriction sites. Primers used are 989 listed in Table S2 . GST-TUBE expression was induced in BL21(DE3) E. coli cells with 990 His6-UBP6 was dialysed against 50 mM Tris-HCl pH 7.4, 5M NaCl and stored with the
